Background and aims-Conventional models of postnatal mucosal regeneration are cumbersome and limited: a novel model is described here. In addition, the influence of cell interactions on mucosal regeneration is examined within the model. Methods-Postnatal rat small intestinal mucosa was digested by enzymes to yield heterotypic cell aggregates (CA). CA colony forming ability, growth, and limited cytodifferentiation were assessed in vitro. CA were transplanted subcutaneously and retrieved for histological examination at staggered intervals to assess neomucosal morphogenesis and cytodifferentiation in vivo. Cell interactions in CA were disrupted by enzymes, thus producing cell suspensions (CS). Regeneration by CA and CS were compared. Results-CA produced proliferative colonies in vitro and showed a temporal sequence of neomucosal morphogenesis and differentiation in vivo. CA colonies were more numerous within 24 hours of primary culture and had greater cellularity by 96 hours than CS colonies.
The continuity and absorptive function of the small intestinal mucosa is restored after inflammatory or toxic injury by mucosal regeneration. This phenomenon is a coordinated response involving constituent processes of epithelial colony formation, growth, neomucosal morphogenesis, and cytodifferentiation. Typically, surviving crypt epithelium within the injured area proliferates to form undifferentiated epithelial colonies. 14 Colonies enlarge then coalesce to restore epithelial cover.5 6 Epithelium also interacts with mesenchyme in the remodelling process of neomucosal morphogenesis to restore a three dimensional crypt/villus architecture. Epithelial cytodifferentiation provides distinct cell lineages, expressing specific enzymes and transporter proteins.7 By these processes regeneration induces a new mucosa which is indistinguishable from parent tissue.5
Conventional models of mucosal regeneration involve applied injury to whole intestine in vivo, by external irradiation or systemic administration of cytotoxic drugs. 14 These methods induce mucosal damage and subsequent regeneration in vivo but are cumbersome and limited by toxicity. This study seeks to investigate methods of primary culture and grafting of disaggregated postnatal mucosa which we have previously described,78 as a model of mucosal regeneration.
Factors which influence mucosal regeneration are obscure. This study has also investigated the influence of cell interactions upon the constituent processes of regeneration within the model system.
Methods

EPITHELIAL ISOLATION
Postnatal small intestinal mucosa from AO/OLA inbred rats (aged 6-8 days) was digested by enzymes to yield cell aggregates (CA). Cell aggregates were subsequently digested to cell suspensions (CS) Comparison ofgraft success by CA versus CS Sixteen CA grafts, 16 CS grafts, and 20 control sham operations were carried out in this assessment. All grafts were harvested at 14 days irrespective of whether a lump could be palpated. Where there was no lump, the skin and subcutaneous tissue of the graft site was harvested and examined histologically.
A total of 56 CA grafts, 16 CS grafts, and 20 control sham operations were carried out.
SMALL ASSESSMENT All specimens were submitted for histological, histochemical, and immunohistochemical assessment after fixation in methacarn (10% acetic acid, 30% chloroform and 60% methanol), dehydrated, and embedded in paraffin wax. Sections were cut serially at 5 ,um, mounted on glass microscope slides, and assessed. Haematoxylin and eosin staining was used for assessment of graft morphology.
Cell lineage studies Each of the four principal small intestinal epithelial cell lineages was sought in retrieved grafts. Absorptive enterocytes. Small intestinal absorptive enterocytes were identified by (a) histochemistry for alkaline phosphatase activity using the Vector red substrate (Vector Laboratories) and microscopy with a fluorescein filter as described7 8 and (b) immunohistochemistry for the digestive enzyme sucrase. For sucrase expression, grafts were retrieved and flash frozen in liquid nitrogen. All solutions were prepared in PBS. Frozen sections (5 ,uM) were fixed in 4% paraformaldehyde for 10 minutes, washed in PBS, then stained with mouse monoclonal antibodies to rat sucrase (generous gift from Dr A Quaroni, Cornell University, Ithaca, NY, USA). The primary antibodies were applied at a 1/50 dilution containing 0.5% bovine serum albumin (BSA) and 5% non-immune goat serum, for two hours at 20°C. Sections were washed three times in PBS, and a secondary goat anti-mouse IgG Texas red (Vector Laboratories) was applied at 1/100 dilution in PBS+0.5% BSA+5% non-immune rat serum, for one hour at 20°C. The sections were then washed again three times in PBS and counterstained with 2.5 ,ug/ml Hoescht 33258 (Sigma) dye for five minutes, washed finally in distilled water, and mounted in Glycergel 0-25 ,ug/mI (Dako -High Wycombe, England). Staining was observed using a rhodamine filter. Goblet cells. Goblet cells were sought by mucin histochemistry using the PAS stain. Entero-endocrine cells. These cells were identified by immunohistochemical staining using a rabbit polyclonal anti-serotonin antibody (Serotec, Oxford, UK). Sections were dewaxed, endogenous peroxidase activity was blocked in methanol with 0.30/o H202 and 0.01M HC1 for 20 minutes, and they were then washed in PBS. The primary antibody was applied at a 1600 dilution in PBS with 0.5% bovine serum albumin and 5% non-immune goat serum overnight at 4°C. The sections were then washed three times in PBS, and a biotinylated goat anti-rabbit polyclonal antibody (Vector Laboratories) was applied at 1/200 dilution in PBS with 0.5% BSA for one hour at 20°C. The sections were then washed three times in PBS and a 1/100 dilution of avidin-biotin peroxidase (Vector Laboratories) was applied in PBS with 0.5% BSA for one hour at 20°C. The sections were washed again three times in PBS and the antibody binding sites were revealed by incubating the sections for five minutes in a solution of 0.2 mg/ml diaminobenzidine hydrochloride (DAB), 0. 1 mg/ml NiCl and 0.03% H202 in PBS. Paneth cells. Paneth cells were identified by the above immunohistochemical procedure using a rabbit polyclonal anti-lysozyme antibody (Dako, High Wycombe, England), at a dilution of 1/250.
STATISTICAL ANALYSIS
Summary statistics were expressed as the median (SD). Hypotheses were tested using the Mann-Whitney U test for unpaired data. In the CA and CS groups, colony formations were compared at 24 hours while colony cellularity was evaluated at 24 and 96 hours. MTT absorbance values of CA and CS were compared at 0, 24, and 48 hours after disaggregation.
Results
EPITHELIAL YIELD
Each pellet measured between 160-220 ,l and contained 120-172X 103 cell aggregates (CA; Fig 1A) Cell viability as assessed by the MTT assay, was similar in both CA and CS immediately after digestion (Fig 2) . Absorbance values declined in both groups after 24 hours but subsequently increased with cell attachment and growth (Fig 2) . CA formed 29 (10) colonies per well compared with 8 (5) for CS p<0.001, after 24 hours of primary culture. At 24 hours primary culture, CA had formed colonies with greater cellularity than CS (Fig 3A, B ; Table, (p<0 05). Cellularity increased subsequently, in both groups (Table) . Alkaline phosphatase expression was detected in 258 of 696 CA colonies (37%/o) but was undetected in CS colonies (0 of 192) after 96 hours in primary culture. PAS stains were negative in all CA and CS colonies.
IN VIVO GRAFTING STUDIES
In temporal morphogenesis studies, CA grafts which were retrieved at staggered intervals showed a well defined sequence of morphological changes during the formation of small intestinal neomucosa. At three days after transplantation, CA grafts had formed simple tubular structures lined by two cell layers of undifferentiated epithelium (Fig 4A) . By five days, primitive cysts with foci of disorganised hyperchromatic cells at one pole had emerged (Fig 4B) . By seven days, cysts had enlarged and, in some, hyperchromatic epithelium had formed a polarised single layer, confined to one edge. Other cysts showed early crypt formation (Fig 1 C) . By 10 days, villus structures and abundant goblet cells were present, in (Fig 5A) , paneth cells (Fig 5B) , entero-endocrine cells (Fig 5C) , and enterocytes (Fig 5D) ). In the normal postnatal rat small intestine, sucrase expression depended on age. This enzyme was absent from 6 day old, normal small intestine but was detected between 14 and 21 days. Sucrase was also detected in neomucosa at 14 days after grafting (Fig 6) . The in vivo arm of the model involved subcutaneous grafting of CA and showed a well defined temporal sequence of neomucosal morphogenesis and cytodifferentiation. Hence, processes may be studied in conditions uncomplicated by toxicity, stress responses, necrotic cell debris, and early animal mortality which are inherent to applied intestinal injury techniques. Furthermore, the epithelial grafts in our model may be more easily retrieved in isolated form at different stages of regeneration for detailed study.
The phenomenon of regeneration shown in our model bears some similarities to processes of fetal intestinal ontogenesis. Early fetal rat endoderm is the precursor of the intestinal epithelium, and at 14 days after conception it comprises stratified undifferentiated cells. High proliferative activity and active remodelling occurs subsequently. Intercellular or intracellular vacuoles develop and form into secondary lumina. The endoderm becomes converted from a stratified to a single polarised layer of cells. Lumina or vacuoles coalesce, leaving villus outgrowths.13 Crypts develop from epithelial downgrowth into the mesenchyme layer.'4 Postnatal neomucosal morphogenesis, as shown in our model, is characterised in the early stages by conversion from double layered or disorganised epithelium to a single stratum of polarised cells, by coalescence of cyst or vacuole like structures to give a single central lumen, and by epithelial downgrowths with formation of crypts. Hence, these phenomonological similarities raise the possibility that the processes could share common regulatory factors.
Extensive experimental work has shown that cell-cell interactions, particularly between epithelium and mesenchyme, enhance the processes of growth, cytodifferentiation, morphogenesis, and functional specialisation during fetal intestinal development. [15] [16] [17] [18] [19] Isolated fetal endoderm may actively recruit mesenchyme interactions from recipient tissues when grafted into a host animal.20 In contrast to this abundance of evidence, there are few data to the influence of cell interactions on postnatal mucosal regeneration.
We have previously shown that CA isolated by the method described contain epithelial and mesenchymal elements in close approximation. These aggregates of heterotypic cells have high regenerative potential.7 8 12 In the present study, the relevance of this morphological cell-cell contact to mucosal regeneration was investigated. CA were subjected to a second digestion step, using trypsin and EDTA. This effectively disrupted any physical cell interactions and produced single CS, confirmed by light microscopy. Cell viability within CA and CS as indicated by the MTT assay, were similar.
In our model, however, CA had clear advantages. CA formed more numerous colonies with greater cellularity in vitro. Indeed, CA colonies had large multicellular epicentres which could represent the remnants of an individual cell aggregate that attached in culture. In the in vivo arm, CA grafts induced neomucosa with a small intestinal phenotype bearing all appropriate cell lineages. The enzyme sucrase, which is absent from normal intestine at birth and appears within 14-21 days, was detected in graft tissue at 14 days after transplantation. This suggests appropriate postnatal maturation of graft tissue. In contrast, CS formed sparse colonies which had smaller cellular epicentres. These could have arisen from reaggregation of separate cells in vitro or alternatively could represent attachment of smaller incompletely disaggregated cell clumps which were undetected on light microscopy. Once formed, CS colonies proliferated but none expressed alkaline phosphatase within 96 hours. All CS grafts failed in vivo. These results suggest that cell interactions within CA may be relevant to in vitro colony formation, alkaline phosphatase expression, and in vivo *neomucosal morphogenesis by disaggregated intestinal epithelium. These findings support the view that these cell interactions may influence intestinal tissue beyond fetal life. No attempt was made to seek individual effects of epithelial/epithelial or epithelial/mesenchymal cell interactions or specific molecular mechanisms of the regeneration response in this study. However, we intend to address these issues in subsequent studies.
In summary, the model described in this study enables assessment of elementary processes of postnatal mucosal regeneration. Within the model, preservation of cell-cell contact within cell aggregates enhances in vitro colony formation, expression of alkaline phosphatase, and temporal in vivo mucosal morphogenesis. 
